Context. Radio relics are diffuse extended synchrotron sources that originate from shock fronts induced by galaxy cluster mergers. The actual particle acceleration mechanism at the shock fronts is still under debate. The galaxy cluster 1RXS J0603.3+4214 hosts one of the most intriguing examples of radio relics, known as the Toothbrush. Aims. To understand the mechanism(s) that accelerate relativistic particles in the intracluster medium (ICM), we investigate the spectral properties of large scale diffuse extended sources in the merging galaxy cluster 1RXS J0603.3+4214. Methods. We present new wideband radio continuum observations made with uGMRT and VLA. Our new observations in combination with previously published data, allowed us to carry out a detailed high spatial resolution spectral and curvature analysis of the known diffuse radio emission sources, over a broad range of frequencies.
Introduction
Radio observations of a fraction of galaxy clusters reveal the presence of spectacular large scale diffuse synchrotron sources. These diffuse sources are known as radio relics and radio halos (see van Weeren et al. 2019 , for a recent review). They show a typical synchrotron spectrum 1 . In the hierarchical model of structure formation, galaxy clusters form through a sequence of mergers with smaller substructures. During cluster mergers, shock waves and turbulence are produced within the intracluster medium (ICM). Merger driven shocks and turbulence are ex-1 S (ν) ∝ ν α with spectral index α pected to be efficient accelerators of cosmic rays (CRs) to relativistic energies and may amplify cluster's magnetic fields.
Radio halos are typically unpolarized sources located in the center of galaxy clusters and have an extent of ∼ Mpc. They roughly follow the X-ray emission from the ICM. The currently favored scenario for the formation of radio halos involves the re-acceleration of CR electrons (CRe) via magnetohydrodynamical turbulence (e.g. Brunetti et al. 2001; Petrosian 2001; Brunetti & Jones 2014) .
Radio relics are Mpc-sized elongated radio sources typically found in the periphery of merging galaxy clusters (see van Weeren et al. 2019 , for a review). They are usually strongly polarized (Bonafede et al. 2009 (Bonafede et al. , 2012a van Weeren et al. 2011 Notes. Full Stokes polarization information was recorded for the VLA and the uGMRT observations. 2012; Kale et al. 2012; Owen et al. 2014) . Relics are believed to originate from shock fronts induced by galaxy cluster mergers. This connection has been confirmed by sometimes finding shock fronts in the X-ray surface brightness distribution located where radio relics have been found (see e.g., Sarazin et al. 2013; Ogrean et al. 2013; Shimwell et al. 2015; van Weeren et al. 2016; Botteon et al. 2016; Thölken et al. 2018; Di Gennaro et al. 2019 ). The sizes of relics and their separations from the cluster center vary significantly, as well as their degree of association with shocks detected via X-ray observations, which makes it difficult to obtain a self-consistent theoretical model of their origin. Relic emission is believed to be produced by diffusive shock acceleration (DSA) at the merger shocks (e.g. Bykov et al. 2019 , for a recent review). Theoretical models predicting the observed radio power as a function of shock parameters have shown that the physical connection between shocks and radio emission is physically viable (e.g. Ensslin et al. 1998; Hoeft & Brüggen 2007; Kang et al. 2012) . Numerical simulations have also been able to produce radio relics that reasonably resemble the observed ones in shape, total power and spectral index. (Hoeft et al. 2008; Battaglia et al. 2009; Skillman et al. 2011; Nuza et al. 2017) .
However, several open problems arise when DSA is used to make quantitative predictions, pointing to limitations of the simplest models. There are three major difficulties: (1) the Mach numbers derived from X-ray observations are often significantly lower than those derived from radio observations; (2) DSA operating at shock fronts with Mach numbers M ≤ 4 requires an unrealistically high CRe acceleration efficiency in order to explain the relic luminosities (e.g. Vazza & Brüggen 2014; Vazza et al. 2015) ; (3) there is evidence that the spectral index of some relics shows steepening at higher frequencies (Stroe et al. 2016; Malu et al. 2016) or a flat integrated spectrum at low frequencies (Trasatti et al. 2015; Kierdorf et al. 2017) , which is incompatible with the simplest models using DSA in a steady state.
An alternative mechanism is that mildly relativistic fossil electrons, perhaps from old radio galaxies, are reaccelerated in the shock (Kang & Ryu 2016) . In this scenario, weaker shocks are able to accelerate the population of aged CRe. A volume filling population of fossil (≥ 10 8 yr) electrons which gets reaccelerated by shocks would alleviate the efficiency problem (e.g. Pinzke et al. 2013; Kang et al. 2012) . This mechanism also predicts spectral steepening at high frequencies.
In the past decade, numerous studies have been dedicated to characterize the integrated spectra of relics (Itahana et al. 2015; Stroe et al. 2016; Kierdorf et al. 2017) . The major question have been; Is there any steepening of the spectrum at high frequency? These studies have given different answers, owing to the differences in the covered frequency range, uv-coverage, and the type of observations (interferometric or single dish). The ques-tion of whether or not such a steepening exist is extremely important since it sheds light on the mechanisms which generate radio relics.
Recent high-resolution radio observations added new challenges as they unveiled the existence, within the relics, of filamentary structure on various scales (e.g. Owen et al. 2014; van Weeren et al. 2017b; Di Gennaro et al. 2018) , including our first work on the "Toothbrush" relic (Rajpurohit et al. 2018) . The origin of the filaments is unknown. Such features are found on scales that are still prohibitive to model even with modern numerical simulations of magnetic field growth in galaxy clusters (Donnert et al. 2018; Domínguez-Fernández et al. 2019 ). Therefore, gathering consistent radio data from them is presently crucial to understand their origin.
1RXS J0603.3+4214
1RXS J0603.3+4214 is a merging galaxy cluster located at a redshift of z = 0.22. It hosts one of the largest and brightest relics, known as the Toothbrush . The cluster also contains two fainter relics (E and D) and a giant elongated radio halo.
The Toothbrush relic has long been an object of intense scrutiny. Numerous observational studies of the Toothbrush relic have been performed across many radio frequencies Stroe et al. 2016; Kierdorf et al. 2017; van Weeren et al. 2016; Rajpurohit et al. 2018) . It shows an unusual linear morphology with a size of about ∼ 1.9 Mpc and it extends far towards the cluster center, into the low density ICM. The relic structure shows three distinct components resembling the brush (B1) and the handle (B2+B3) of a toothbrush. The relic morphology is enigmatic. Brüggen et al. (2012) simulated a triple merger to explain how the structures created at the shock front could extend far into the low density ICM regime.
X-ray observations of 1RXS J0603.3+4214 revealed the presence of a weak shock of M ≈ 1.5 at the outer edge of the brush (Ogrean et al. 2013; van Weeren et al. 2016; Itahana et al. 2017) . In contrast, the radio observations suggest a high Mach number shock of M ∼ 3.7 (Rajpurohit et al. 2018) . There thus remains a large discrepancy between the Mach number derived from the X-ray and radio observations. The Toothbrush has also been observed at high frequencies (> 2 GHz), where there is still some disagreement about its integrated radio spectral shape. Stroe et al. (2016) reported interferometric observations of the Toothbrush relic from 150 MHz to 30 GHz. They highlighted a steepening of the integrated spectrum beyond 2 GHz (from α = −1.00 to −1.45). In contrast, the studies conducted with high frequency single dish observations at 4.8 GHz and 8.3 GHz have not shown significant evidence of spectral steepening (Kierdorf et al. 2017) . Notes. Imaging was always performed using multi-scale clean, nterms=2 and wprojplanes=500. For all images made with Briggs weighting we used robust = 0; † For data reduction steps, we refer to Rajpurohit et al. (2018) and van Weeren et al. (2016) .
We studied the Toothbrush with the VLA in L-band (Rajpurohit et al. 2018) . These observations allowed us to reveal filamentary structures on various scales, likely resulting from projection effects and the magnetic field distribution in the ICM. The Toothbrush is one of the brightest relics in the sky, thus, it provides an unparalleled chance to study these detailed structures.
Here, we present the results of further observations of the galaxy cluster 1RXS J0603.3+4214 with the Karl G. Jansky Very Large Array (VLA) and the upgraded Giant Metrewave Radio Telescope (uGMRT). These observations were mainly undertaken to provide higher-resolution radio emission from the Toothbrush relic, thus allowing us to study the exceptional radio emission in more detail than had been done previously.
The layout of this paper is as follows. In Sec. 3, we present an overview of the observations and data reduction. The new radio images are presented in Sec. 4. The results obtained with the spectral analysis are described in Sec. 5 and Sec. 6, followed by summary in Sec. 7.
Throughout this paper we assume a ΛCDM cosmology with H 0 = 71 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. At the cluster's redshift, 1 corresponds to a physical scale of 3.64 kpc. All output images are in the J2000 coordinate system and are corrected for primary beam attenuation.
Observations and Data Reduction

VLA observations
The galaxy cluster 1RXS J0603.3+4214 was observed with the VLA in C-and S-band (project code: 17B-367 and 18B-238). VLA C-band observations were taken in C-configuration while the S-band in B and C configurations. An overview of the observations and frequency bands is given in Table 1 .
Due to the large angular size of the cluster, the C-band observation was pointed on the Toothbrush relic. The total recorded bandwidth was 4 GHz. The 34 spectral windows, each having 64 channels, were used to cover the frequency range of 4-8 GHz. S-band observations, pointed at the cluster center were split into 16 spectral windows, each divided into 64 channels to cover the frequency range of 2-4 GHz. The total recorded bandwidth for S-band observations were 2 GHz.
For both S-and C-band observations, all four polarization products (RR, RL, LR, and LL) were recorded. For each configuration, 3C147 and 3C138 were included as the primary calibrators, observed for 5-10 minutes each at the start of the observing run or in some case at the end of the observing run. J0555+3948 was included as a secondary calibrator and observed for ∼ 5 minutes after every 25-35 minutes target run.
The data were calibrated and imaged with CASA (McMullin et al. 2007) version 4.7.0. The data obtained from different observing runs were calibrated separately but in the same manner. The first step of data reduction consisted of the Hanning smoothing of the data. The data were then inspected for RFI (Radio Frequency Interference) and affected data were mitigated using tfcrop mode from flagdata task. The low amplitude RFI was flagged using AOFlagger (Offringa et al. 2010 ). Next, we determined and applied elevation dependent gain tables and antenna offsets positions. We then corrected for the bandpass using the calibrator 3C147. This prevents flagging of good data due to the bandpass roll-off at the edges of the spectral windows.
As a next step in the calibration, we used the S-and C-band 3C147 model provided by CASA software package and set the flux density scale according to Perley & Butler (2013) . An initial phase calibration was performed using both the calibrators over a few channels per spectral window where the phase variations per channel were small. We corrected for parallel-hand delay and determined the bandpass response using the calibrator 3C147. Fig. 1 . uGMRT (550-750 MHz) and VLA S-band band images of 1RXS J0603.3+4214. The known diffuse emission sources, namely the bright Toothbrush, the other two fainter relics to the west and the large elongated halo are recovered in both the uGMRT and the VLA (S-band) observations. The image properties are given in Table 2 . Here, panel (a), (b), (c), and (d) correspond to IM17, IM9, IM8, and IM5, respectively. Contour levels are drawn at [1, 2, 4, 8, . . . ] × 4 σ rms . The beam size are indicated in the bottom left corner of the image.
Applying the bandpass and delay solutions, we proceeded with the gain calibration for the primary calibrators. The calibration solutions were then applied to the target field. For all different observing runs, the resulting calibrated data were averaged by a factor of 4 in frequency per spectral window.
After calibrating each configuration, we created initial images of the target field. The imaging of the data was executed with the CASA task CLEAN. For wide-field imaging, we employed the W-projection algorithm (Cornwell et al. 2008 ) which takes into consideration the effect of non-coplanarity. To take into account the spectral behavior of the bright sources in the field, we imaged each configuration using nterms=3 (Rau & Cornwell 2011) . The deconvolution was always performed using a multiscale multi frequency CLEAN algorithm (Rau & Cornwell 2011) and with CLEAN masks generated through PyBDSF (Mohan & Rafferty 2015) . The multi-scale setting assumes that the emission can be modeled as a collection of components at a variety of spatial scales, hence, this setting is necessary to account for the extended emission. We used the Briggs weighting scheme with a robust parameter of 0.
Following initial imaging, we performed self-calibration with a few rounds of phase-only calibration and checked that the B1 B2 B3 -0.00027 -0.00026 -0.00025 -0.00024 -0.00021 -0.00015 -0.00003 0.00020 0.00067 0.00160 0.00345 bay 550-750 MHz Fig. 2 . High resolution uGMRT image of the Toothbrush relic confirming the complex filamentary structures visible at 1-2 GHz (Rajpurohit et al. 2018 ) also in the 550-750 MHz range. The beam size is indicated in the bottom left corner of the image. Inset show a low surface brightness emission, labelled as "bay", connecting the B2 region to B3. The image properties are given in Table 2, IM14. model, to be included for self-calibration, did not have artifacts or negative components. We then ran a final round of amplitudephase calibration. After deconvolving each configuration independently, we subtracted source A from the uv-data (for labeling see Fig.1 . To speed up imaging, we subtracted in the uv-plane all sources outside the cluster region.
The final S-band deep Stokes I continuum images were made by combining the data from B and C configurations using nterms=2 that reduced the noise level. The CASA task widebandpbcor was used to correct for the primary beam attenuation.
uGMRT observations
The GMRT observation of 1RXS J0603.3+4214 was carried out with upgraded GMRT (uGMRT) in band 4 (proposal code: 34_073). The data were recorded into 4096 channels covering a frequency range of 550-750 MHz with a sampling time of 8 seconds. All four polarization products were recorded. The primary calibrator 3C147 was included to correct for the bandpass and phase. For polarization calibration, the secondary calibrators 3C138 and 3C286 were observed. The 5 minutes scan on each of 3C84, 3C48, and 1407+284 were also recovered during the observing session.
The uGMRT data were calibrated with CASA, version 4.7.0. We split data into 4 sets, namely set1(channels 0−999), set2 (channels 1000−1999), set3 (channels 2000−2999), and set4 (channels 3000−4096). The data were first visually inspected for the presence of RFI where affected data were subsequently removed using AOFlagger. Initial phase calibration was performed using 3C147 and were subsequently used to compute parallel-hand delay. The primary calibrator 3C147, together with 3C138 and 3C286, were used for flux and bandpass calibration. We used the Perley & Butler (2013) extension to the Baars et al. (1977) scale for the absolute flux calibration. Applying the bandpass and delay solutions, we proceeded with the gain calibration for 3C147, 3C138, and 3C286. All relevant solution tables were applied to the target field. Each set was then averaged by a factor of 4 in frequency. The averaging of the uGMRT and VLA data was done to permit the RM-Synthesis and QU-fitting. The polarization results of the VLA and uGMRT observations of the 1RXS J0603.3+4214 field will be presented in a subsequent paper (Rajpurohit et al. in prep) .
After this, we combined all data (i.e., set1, set2, set3, and set4 data). Several rounds of phase self-calibration were carried out on the combined data followed by two final rounds of amplitude and phase self-calibration. We visually inspected the self-calibration solutions and manually flagged some additional data. De-convolution was performed with nterms=2, wprojplanes=500, using Briggs weighting with robust parameter 0.
Results: Continuum images
We show in Fig. 1 the resulting total intensity uGMRT (550-750 MHz) and S-band (2-4 GHz) radio continuum images of 1RXS J0603.3+4214. These images are created with different uv-tapers to emphasize the radio emission on various spatial scales. The sources are labeled following van and Rajpurohit et al. (2018) . An overview of the properties of the diffuse radio sources in the cluster is given in Table 3 .
The Toothbrush relic
The most prominent source in the 1RXS J0603.3+4214 field is the large toothbrush shaped relic which is detected in all of the radio maps. The high resolution deep wideband images of the Toothbrush relic are shown from Fig. 2 to Fig. 3 . The synthesized beams and sensitivities of these images are mentioned in Table 2 .
Our new images manifest the variety of fine structures, as reported by Rajpurohit et al. (2018) , in the form of arcs, streams, and filaments of enhanced surface brightness. In Fig. 2 , we show our deep uGMRT 5 . 0 × 4 . 8 resolution image of the Toothbrush, with Briggs weighting and robust=0. Thanks to the wideband receivers, we reached to a noise level of 7.7 µ Jy beam −1 . The new uGMRT observations are sensitive to much lower surface brightness emission than the published 610 MHz GMRT image .
The new uGMRT image reveals all small and large scale filamentary structures reported by Rajpurohit et al. (2018) also in the 550-750 MHz range. It suggests that up to 2 GHz the radio synchrotron emission has the same spatial distribution. In terms of morphology, our uGMRT image is comparable to the published GMRT image. Rajpurohit et al. (2018) also reported a tentative detection of a bridge like emission feature connecting the northern edge of B2 to an arc-shaped filament in the B3 region. In the uGMRT image, the emission is evidently visible, see Fig. 2 lower left, however, the emission appears to be disconnected from B3. We label this emission feature as the "bay". We do not find any cluster galaxy close to the "bay".
All identified filamentary features excluding the small-scale features, namely bristles, are also visible in the VLA S-and Cband images; see Fig. 3 . At all three frequencies, the northern edge of the "brush" region, B1, is extremely sharp. We can set an upper limit to the width of the leading edge of the brush region of 2 , which corresponds to 6.5 kpc. The largest linear size (LLS) of the Toothbrush relic remains almost the same, i.e., ∼ 1.9 Mpc, from 550 MHz to 8 GHz. However, the width decreases in the north-south direction with increasing frequency. The width of B1 at 550-750 MHz, S-band and C-band is 530 kpc, 327 kpc, and 243 kpc, respectively. This is expected for a source with a strong spectral index gradient across it.
In Fig. 4 , we show a combined uGMRT (550-750 MHz), VLA L-band (1-2 MHz), and S-band (2-4 GHz) image of the Toothbrush. The image shows clearer filaments. Various components of the Toothbrush are labeled as in Rajpurohit et al. (2018) .
The emission in the B1 region consists of bright short filaments, labeled as "bristles", with a width of 3-8 kpc. We note that the widths of the "bristles" are almost the same at the 550-750 MHz and the 1-2 GHz. The filaments in the B2 region are generally extended over considerable distances. The brightest region in B2 is at the intersection of double strand ("twist"). A low surface brightness emission, source M, to the northeast of B1 is visible at all three frequencies; see Fig. 1 
and Fig. 2)
Our high resolution radio maps show filamentary features on various scales that are visible from 550 MHz to 8 GHz. In fact, radio relics when imaged at high resolution mostly show filamentary substructure. The origin of filaments that we discovered is challenging to explain. The observed filaments could be projections of substructures from a complex shaped shock front or may reflect variations of the electron acceleration efficiency and trace a fluctuating Mach number distribution internal to relics (Wittor et al. 2017) . Also, they may illuminate regions where different magnetic field domains are forced to merge (Owen et al. 2014) .
Relics E and D
The other two fainter relics E and D are well detected in the Sband images, Fig. 1 . The LLS of both relics are similar to those observed below 2 GHz. The relic E is consists of two parts, E1 and E2. They are morphologically different. The E2 region of the relic E is fainter and more extended than the E2. There are recent observational examples which seem to show a connection between relics and active galactic nuclei (AGN), i.e, they provide evidence that the shock fronts re-accelerate CRe of a fossil population (Bonafede et al. 2012b; van Weeren et al. 2017a,b; Di Gennaro et al. 2018; Stuardi et al. 2019) . We note that several radio sources are embedded in the relic E, however, we do not find any obvious connection to the relic.
Radio halo
Our new observations provide the first detailed image of the central halo emission in 1RXS J0603.3+4214 at 2-4 GHz. The halo emission is best highlighted in the low resolution images, see Fig. 1 . The total extent of the halo emission is about 8 , corresponding to 1.7 Mpc at 3 GHz. It has low surface brightness (> 0.03 mJy beam −1 ) and is extended along the merger axis.
The halo is also recovered in the 550-750 MHz uGMRT images, see Fig. 1 panel (a) . The overall morphology and extent of the halo at 550-750 MHz and 2-4 GHz are similar to that observed by van Weeren et al. (2016) and Rajpurohit et al. (2018) at 150 MHz and 1.5 GHz, respectively. However, we note that at each frequency, the transition from the relic to the halo occurs at somewhat different locations. Towards high frequencies (>1.5 GHz), we find that there is a slight decrease in the surface brightness, apparently separating the relic and the halo emission; see Fig.1 panel (d) .
In Fig. 5 we show a combined LOFAR (120-180 MHz), VLA L-band (1-2 GHz), and VLA S-band (2-4 GHz) image. The image nicely show that the brush region of the Toothbrush extends and penetrates into the halo. We labelled this region as "relic+halo". We will argue in Sec 6.4 that there is an overlap between the relic and the halo emission.
Chandra observations of 1RXS J0603.3+4214 revealed a weak shock of M ∼ 1.8 at the southern edge of the halo (van Weeren et al. 2016) . We denoted this region as "region S" in Fig. 7 . It has been reported that the region S is possibly connected to the southern shock front, thus may have a different origin Rajpurohit et al. (2018) .
Higher resolution L-band images by Rajpurohit et al. (2018) showed that there are around 32 discrete radio sources in the area covered by the halo emission. Most of these points sources are also visible at 2-4 GHz.
The flux density of the halo, including discrete sources, at 610 MHz and 3 GHz are S 610 MHz = 141 ± 17 mJy and S 3 GHz = 18 ± 2 mJy, respectively. This is the flux density for the entire halo, including the relic+halo and region S. The measured flux density at 610 MHz flux is significantly higher than the published narrow band GMRT observations. Article number, page 7 of 20 A&A proofs: manuscript no. rxs42 
Notes. Flux densities were measured from 25 resolution images, created with uniform weighting and without any uv-cut. The regions where the flux densities were extracted are indicated in the left panel of Fig. 7 . We assume an absolute flux scale uncertainty of 10% for the GMRT and LOFAR data, 4% for the VLA L-band, and 2.5% for the VLA S-, C-band data; ‡ size of the halo includes the "relic+halo" and region S. The spectral index values are obtained from images with an uvcut; see Sec. 5; † the largest linear size at 3 GHz; † size of the entire halo. shows that B1 extends out of the relic and penetrates into the halo. As discussed in Sec 6.4, this is consistent with the superposition of the relic and the halo emission. The image properties are given in Table 2 , IM10, IM13, and IM21.
Analysis of relics
To study the spectral characteristics of relics B, D, and E over a wide range of frequencies, we combined the deep VLA (2-8 GHz) and uGMRT (550-750 MHz) observations presented here with the previously presented ones at 1-2 GHz (Rajpurohit et al. 2018) and 150 MHz (van Weeren et al. 2016) . In fact, the Toothbrush is the first relic where the radio interferometric observations over such a wide frequency range are available.
Flux density measurements
In order to derive reliable flux densities and spectral index maps, we imaged each data set with uniform weighting and convolved the final images to the same resolution. However, such images can only be produced if we have the same uv-coverage in each interferometric observation otherwise this results in a bias in the total flux density measurements of very extended sources. The radio observations reported here are performed with different interferometers, each of which have different uvcoverages. The shortest baseline for the LOFAR, uGMRT, VLA L-band, VLA S-band, and VLA C-band data are 0.03 kλ, 0.2 kλ, 0.2 kλ, 0.3 kλ, and 0.4 kλ, respectively. To have the same spatial scale at all frequencies, we create images with a common lower uv-cut at 0.4 kλ. Here, 0.4 kλ is the well sampled baseline of the uGMRT and the VLA C-band data. This uv-cut is applied to the LOFAR and the VLA L-and S-band data. To reveal the spectral properties of different spatial scales, we tapered the images accordingly.
To measure flux densities, we create images at 8 × 8 resolution with a common inner uv-range mentioned in Sec. 5. We chose 8 resolution images for measuring the flux densities to: (1) avoid contamination from the halo emission in the "relic+halo" region. As mentioned by Rajpurohit et al. (2018) between 150-650 MHz, the "relic+halo" is dominated by B1 emission but in contrast between 1-4 GHz by the halo emission. Therefore, when determining the integrated spectrum this region is considered as the part of the toothbrush relic. The reason is, at 8 resolution the low surface brightness halo emission does not contribute much to the relic B emission and will not significantly affect our flux density measurements; (2) since it increases the signal-to-noise radio in low surface brightness regions, in particular for B3 at high frequency, namely in C-band.
Radio relics usually contain a number of discrete sources, thus making an accurate measurement of the integrated spectra difficult. The contamination by discrete sources, therefore, needs to be subtracted from the total diffuse emission first. Luckily, the Toothbrush is not in close-by to any unrelated sources except source S1, see Fig. 1 panel (c). We do not subtract its flux contribution because the source is rather faint (S 1.5 GHz = 1.8 ± 0.1m Jy), therefore, the contamination is not relevant.
The uncertainty in the flux density measurements are estimated as:
where F is an absolute flux calibration uncertainty, S ν is the flux density, σ rms is the RMS noise and N beams is the number of beams. We assume absolute flux uncertainties of 4 % and 2.5 % for the VLA L-band and S-, C-band (Perley & Butler 2013), respectively. While for the uGMRT and the LOFAR data, assumed flux uncertainties is 10 % (Chandra et al. 2004; van Weeren et al. 2016) . We compare our flux density measurements with values obtained with single dish observations that do not resolve out flux of extended sources. At 4.8 GHz, we measure a flux density of 83±8 mJy which is higher than the measurement with Effelsberg at 4.85 GHz, namely 68 ± 5 mJy (Kierdorf et al. 2017 ). However, they noted that their value is possibly too low because of the insufficient size and low quality of the radio map. At 8 GHz, we measure a flux density of 52 ± 5 mJy which is consistent with the value obtained with the Effelsberg telescope at 8.35 GHz. Our interferometric high frequency measurements are in agreement with the results from the single dish telescope. This clearly indicates that our interferometric data is not affected by missing short baselines.
Integrated radio spectra of the Toothbrush
Detailed studies of the integrated spectra of radio relics, over a broad range of frequencies, serve as a useful measure of the energy distribution of the relativistic electrons. It provides insightful information to discriminate between competing models of particle acceleration currently proposed for radio relics.
The broadband interferometric observations allowed us to conduct the most sensitive study of the integrated spectrum of any relic up to date. To obtained the integrated spectra, we measure the flux density of the entire Toothbrush as well as in three subareas B1, B2, and B3. The regions where the flux densities were extracted are indicated in the left panel of Fig. 7 . For all flux densities measurement of the relics, we use radio maps described in Sec. 5.1.
The most important and striking result of our analysis is shown in Fig. 6 . We find that the integrated spectrum of the Toothbrush indeed follows a close power-law over close to 2 decades in frequency. Our results show for the first time that not only the main Toothbrush, the subregions (B1, B2, and B3) also exhibit power-laws.
A nearly perfect power-law spectrum across the Toothbrush up to 8 GHz is in contrast with that of an earlier study by Stroe et al. (2016) . They reported radio interferometric observations of the Toothbrush from 150 MHz to 30 GHz and highlighted the steepening of the integrated spectrum beyond 2 GHz (from α = −1.00 to −1.45). We note that the steepening in the flux density spectrum around 2.5 GHz was claimed on the basis of 16 GHz and 30 GHz radio interferometric observations. We found no evidence of spectral steepening and thus we completely rule out the possibility of steepening found by Stroe et al. (2016) below 8 GHz.
The integrated relic emission between 150 MHz to 8 GHz, has a spectral index of −1.16 ± 0.02. The integrated spectral index of the Toothbrush is consistent with our previous value of −1.16 ± 0.02 (Rajpurohit et al. 2018) . Even more astounding, we find that the integrated spectral index of B1, B2 and B3 are remarkably close, namely α B1 = −1.17±0.02, α B2 = −1.14±0.03, and α B3 = −1.15 ± 0.04. It is surprising that B1, B2 and B3, despite being located in regions with very different ICM densities, show spectra with an almost identical slope. If the inte-Article number, page 9 of 20 A&A proofs: manuscript no. rxs42 grated spectral index reflects the Mach number of the shock, this seems to imply a remarkably uniform Mach number along the shock. We present a qualitative comparison with a recent numerical simulation of radio relics in Sec. 5.3.
Other than the Toothbrush, the integrated radio spectra over a wide range of frequencies are available only for five radio relics; the Sausage relic, the relic in A2256, Bullet cluster, ZwCl 0008.8+5215, and A1612 (Trasatti et al. 2015; Stroe et al. 2016; Kierdorf et al. 2017 ). Out of these five mentioned relics, a spectral steepening has been detected between 2-5 GHz for three relics, namely the Sausage relic, the relic in A2256, and Bullet cluster. In contrast to this, some authors reported no steepening in the integrated spectrum for the Sausage relic (Kierdorf et al. 2017; Loi et al. 2017 ). Fig. 8 . Integrated spectra for the radio relic in a recent cosmological numerical simulation ). The red diamonds give the integrated spectrum of the whole relic, while the other diamonds give the spectra for the three subregions as in the inset (the color map gives the total intensity of the radio emission at 1.4 GHz. The simulated relic is ≈ 1.2 Mpc in size.
There are several reasons that may have led to the these differing results. The integrated spectra of these relics are derived from combining single-dish observations at high frequency (mostly above about 4 GHz) and interferometric observations at low frequencies (mostly below about 1.4 GHz). While interferometric measurements might underestimate the flux density as a result of missing short spacings, single-dish measurements lack resolution that might result in overestimate of the flux density owing to source confusion. Hence it remains unclear if the integrated spectrum of these three relics are curved at high frequencies or not.
According to DSA theory, in the equilibrium state, a shock of Mach number M generates a population of relativistic electrons with a power-law distribution in momentum (see e.g. Blandford & Eichler 1987) . The resulting overall radio spectrum is a power law as well. The spectral index α int of the integrated spectrum is related to the Mach number according to
For a stationary shock in the ICM, i.e. the electron cooling time is much shorter than the time scale on which the shock strengths or geometry changes, the integrated spectrum, is by 0.5 steeper than the injection spectrum (α inj ):
Our integrated spectral index of the Toothbrush is consistent with the DSA approximation (Equation 3), where the radio spectrum is a power law with spectral index steeper than −1.
Moreover, we find that at most of the locations within B1, B2, and B3, the local spectrum is a "power-law" between 150 MHz and 8 GHz, whose slope varies systemically with distance from the shock. There is thus spectral steepening with little or any of the spectral curvature required by radiation losses in a relatively homogeneous environment. Inhomogeneities, in some combination of magnetic field strengths, Mach number and projections effects, will broaden the spectra and may be responsible for producing the locally varying power laws. . . ] × 4 σ rms and are from the 150 MHz LOFAR image. These maps were created using the IM3, IM7, IM12, IM16 and IM20 (see Table 2 for image properties).
To derive the integrated spectrum of the relic E, we first subtract the flux density contribution from several discrete sources embedded in the relic. The resultant spectrum is shown in the right panel of Fig. 7 , along with that of relic D. Unlike the Toothbrush, the overall spectra of relics E and D steepen at high frequencies.
Comparison with numerical simulations
At face value, it seems surprising that a single Mach number can characterize the entire shock surface across such a large distance. Numerical studies have indeed consistently reported that at least at the resolution probed by recent simulations and within their rather simplistic physical model, a rather broad distribution of shock strength is expected for merger shocks (e.g. Hoeft et al. 2011; Skillman et al. 2013; Ha et al. 2018; Wittor et al. 2019) .
To investigate this issue in more detail, we computed the integrated emission spectra for a simulated radio relic, recently studied by Wittor et al. (2019) . We remark that this simulation is not meant to reproduce the real Toothbrush relic, as the morphology of the simulated emission, see Fig. 8 , and the properties of the host cluster are different from the 1RXSJ0603.3+4214 case.
However, Wittor et al. (2019) presented the most detailed modeling of radio relic emission to date in numerical simulations, using an ENZO-MHD simulation with a maximum resolution of ≈ 4 kpc . Unlike in previous studies, it models not only the injection of electrons by DSA, but also the time-dependent downstream cooling behind the shock edge.
The simulated relic forms in a M 100 ∼ 10 15 M galaxy cluster after a major merger at z ≈ 0.2. It is located at a distance of ∼ 1.7 Mpc from the cluster center and is ≈ 1.2 Mpc long (extending ≈ 500 kpc along the line of sight). The 3-dimensional distribution of the Mach numbers at the shock is broad, namely 2 ≤ M ≤ 4. The magnetic field strength at the relic is in the range 0.1 µG ≤ B ≤ 2 µG, with a radio-weighted mean value of ≈ 1.05 µG. The total radio power of the relic, including the effect of shock re-accelerated electrons, is ≈ 10 30 erg s −1 Hz −1 at 1.4 GHz. Thus, we can sum over all the simulated emission at different frequencies, to derive a simulated spectral distribution expected from the propagation of a merger shock in a clumpy ICM with self-consistent magnetic field structures. We computed the total integrated spectrum for the entire simulated relic across the same range of frequency of the real Toothbrush observations, as well as integrated spectra for three different subregions of the simulation, as shown in the inset of Fig. 8 .
Note that these regions show very different dynamical properties and magnetic field topologies as detailed in Sect. 3.6 of Wittor et al. (2019) . We computed the spectral slope of the emission for each different patch (see inset in Fig. 8 ) with a simple least square fit, assuming a 10% uncertainty for flux below 1.4 GHz and 4 % at 1.4 GHz and above, similar to the real observation.
The simulation shows an intriguing similar spectral index, i.e. ∼ −1.16 ± 0.02 to the Toothbrush spectra (see Fig. 9 ). This is true for the separate regions of the simulated relic, as well as for the who.e in the three investigated regions as well as for the whole relic. Just as for the observations, it is remarkable that the spectra in the simulations are so similar in the different regions, despite the ∼ 1.2 Mpc extension of the relic and its clumpy morphology. This is at variance with what one might expect from the significant variations of Mach number at the shock front typically found in simulations (Hoeft et al. 2011; Skillman et al. 2013; Ha et al. 2018; Wittor et al. 2019) . The combined effects of local variations in Mach number, 3D magnetic field fluctuations along the line of sight, the curved surfaces of realistic shocks, and the finite extension of the downstream cooling region of electrons can indeed conspire to broaden the individual spectral contributions and to converge on a very narrow range of power laws. In addition, it seems that the tail of the Mach number distribution, see e.g. Fig. 4 in Wittor et al. (2019) and Fig. 3 in Hoeft et al. (2011) , determines the average spectral index. Of course, while this first comparison can qualitatively explain the very narrow distribution of spectral indices in the Toothbrush relic, a larger statistics of simulations and improved aging models for relativistic electrons are needed in order to fully explain the surprisingly straight spectrum of the Toothbrush.
Spectral index and Curvature
We examined the variations in spectral index and spectral shape across the relics to look for signatures of particle injection and energy losses. The difficulty in such spectral aging studies is that the curvature in the spectrum is very gradual, requiring sensitive observations to be made over a large frequency range at matched spatial resolution. The large size and high flux density of the Toothbrush allowed this type of analysis.
We created spectral index maps at the highest possible common resolution at all frequencies, i.e., at 5 . 5 × 5 . 5. The same maps are used to create radio color-color diagrams. Since conditions in the relic are highly inhomogeneous, the high resolution allows us to minimize the mixing within a single beam of emission with different spectral properties. For imaging we used a common lower uv-cut and a uniform weighting scheme, see Sec. 5.1 for details. Due to different uv-coverages of the LO-FAR, uGMRT and VLA data, the resulting images had slightly different resolutions, so we convolved them all to a common, 5 . 5 × 5 . 5. For spectral indices between maps at two frequencies, we performed the calculation only for pixels with a flux density above 4.5 σ rms in both maps.
The resultant spectral index maps of the Toothbrush at different pairs of frequencies are shown in Fig. 9 . Overall the spectral index maps show remarkably similar spectral steepening towards the cluster center. The spectral index trends along the entire relic appear uniform between frequencies of 150 MHz to 6 GHz.
We find that the inferred "injection" spectral index at the outer edge of the relic, where acceleration is presumed to be actively happening, is −0.65 ≤ α inj ≤ −0.80 from 150 MHz to 6 GHz. These values of injection index corresponds to Mach numbers in the range 2.8 ≤ M ≤ 3.8. This number is consistent with the injection index inferred from the integrated spectra, −1.16+0.5 = −0.66 (from Equation 3). Variations in the inferred injection index along the relic, at 5 . 5 × 5 . 5 resolution, reveal larger variations than seen in the integrated spectra over much larger regions, a direct indicator of small scale inhomogeneities. Fig. 10 . Color-color diagram of the Toothbrush relic made at 5 . 5 resolution. The curves appears slightly different for B1, B2 and B3. Only B1 seems to trace out single and continuous curve. Spectral index values were extracted from maps created using the IM6, IM11, IM15, and IM19 (see Table 2 for image properties).
The detailed study of the evolution of the relativistic electron population responsible for the synchrotron emission provides critical information concerning the physical conditions in the source emitting regions. One commonly used fiducial spectral shape is the so-called "KP" spectrum, which assumes a single injection of particles, followed by radiative losses, with no pitch-angle scattering (Kardashev 1962; Pacholczyk 1970 ). An alternative model, the Jaffe and Perola (JP) model allows pitch angle scattering leading to a sharper cutoff at high frequencies (Jaffe & Perola 1973) . Other models include continuous injection (CI) that considers a continuous fresh supply of injected electrons with a power-law distribution (Pacholczyk 1970) and an extension to the JP model, known as KGJP, that include a finite time of particle injection (Komissarov & Gubanov 1994) .
To discriminate between different theoretical synchrotron spectral models, we employed the color-color plots described by Katz-Stone et al. (1993) ; Rudnick et al. (1994); van Weeren et al. (2012) ; Stroe et al. (2013) . The shape of the color-color curve is an important indicator of the physical process taking place at the emitting region. This shape is conserved with respect to changes in the magnetic field or radiative losses, as long as there is no additional modification of the distribution of relativistic electrons. In addition, the color-color plots are useful for distinguishing source regions with different properties. At higher resolutions, it may be possible to minimize the effects of inhomogeneities, and determine the intrinsic shape of the spectrum for isolated components.
van studied the color-color diagram of the Toothbrush using three frequencies; 610 MHz, 1.3 GHz, and Color-color diagram of filaments in the Toothbrush, implying that individual filaments have different shapes. Spectral index values were extracted from maps created using the IM6, IM11, IM15, and IM19 (see Table 2 for image properties).
2.3 GHz. They found that the KGJP model provides a good fit for the entire Toothbrush. We extend the color-color analysis to smaller regions by utilizing high resolution maps and using 150 MHz, 650 MHz and 1.5 GHz data. We do not use the S-and C-band data because the width of the Toothbrush, in particular B1, decreases at high frequencies, thereby restricting the downstream areas where relativistic electrons can be observed as they age, for e.g., for B1 it becomes 123 kpc. For low frequencies, we use our spectral index map created between 150 MHz and 610 MHz while for the high frequencies between 610 MHz and 1.5 GHz (see Fig. 9 ). The resultant color-color plot for the Toothbrush is shown in Fig. 10 . The color-color plots are similar to the spectral curvature maps, with the curvature being the difference between the low and high spectral indices. A clear trend of increasing curvature, which was also detected by van Weeren et al. (2012) , is visible in the plot. The shape in color-color plane is similar to the one reported by van Weeren et al. (2012) , although they used different sets of frequencies. However, we find that the spectral shapes of B1, B2, and B3 are slightly different. In addition, we note an apparent shift for the B1, B2 and B3 regions, which could be the signature of slightly different injection indices.
In Fig. 11 , we show a separate color-color plot for B1 and for the filaments in B2. The standard theoretical curves are superimposed on the color-color plot. The resultant plots reveal interesting details: -B1 region: shows a single well defined locus of points in the color-color diagram. The single continuous distribution suggests that B1 has a single spectral shape that can describe the distribution everywhere in this region. We already see a steepening across the "ridge" (up to 50 kpc), see the left panel of Fig. 11 . However, the conventional theoretical curves (JP, KP and Cl) are seen to be a poor fit for the observed shape so there is likely some change in the physical conditions or processes downstream from the shock front which are not captured in the simple models.
We rule out the KP model as the data points do not fit even for a small range; neither do we see any hint of the curve turning back to the α 1.5 GHz 650 MHz = α 650 MHz 150 MHz line. The observed curve is also different than the continuous injection model because CI model only steepens according to Eq. 3. We see an increasing curvature trend from the shock front, but less quickly than the JP curve, implying a slower than exponential cutoff to the electron and synchrotron distributions. The KGJP model can be understood as a continuous sum of JP events with different ageing, which would produce such broadening. As reported by van Weeren et al. (2012) , the KGJP model provides a good fit to the data but only for a certain distances from the shock front. One possible explanation can be projection effects. As one progresses further downstream, the emission becomes progressively more affected by projection effects. No single one of these models can describe the entire spectral shape. The color-color diagrams are useful to give constraints on the injection spectrum. As the spectra approach a power law at low frequencies, the locus of points in the color-color diagram intersects the power law line, where the position along the α 1.5 GHz 650 MHz = α 650 MHz 150 MHz line (black dashed) is determined by the slope of the power law. For B1, our data indicate a low frequency index between the α inj = −0.65 and α inj = −0.70 curves.
-Filaments: The individual filaments in the Toothbrush show different shapes, see the right panel of Fig 11. This imply that different conditions in the different filaments are one significant contributor to the inhomogeneities.
The spectral index maps of relics E and D do not show a strong spectral index gradient as a function of position, see Fig. 13 . To investigate whether they show any sign of spectral curvature, like the Toothbrush, we created a color-color diagram, using the spectral index extracted from 15.7 (i.e., the beam size) boxes covering the relic E and relic D, see Fig. 12 . The regions are shown in the inset of the bottom right corner.
We find that there are two different regions in the relic E. The points extracted across the E1 (magenta) part fall along the power-law (α 650 MHz 150 MHz = α 3 GHz 1.5 GHz ) line, suggesting that at these locations there is a very broad spectrum, approaching a power law. On the other hand, for the E2 region (red) the spectra are curved, i.e., the points below the power law line. Such a curved spectra could be due to aging. From the color-color it is evident that E1 and E2 are different regions, with different processes going on. It remains an open question why the relic E shows such a distribution. Table 2 for image properties) It is interesting that the relics in 1RXSJ0603.3+4214 show different spectral properties. While the Toothbrush shows a strong spectral index gradient, no strong spectral gradient is seen across the relic E. The integrated spectrum of the Toothbrush follows a single power law but the relic E instead shows a spectral break at high frequencies.
Resolving discrepancies in the radio derived Mach numbers
From radio observations, the Mach number of a shock can be estimated using different methods, namely from the integrated spectrum, resolved spectral index maps and radio color-color diagrams. However, there is a claimed discrepancy between the Mach numbers obtained using these three methods (Hoang et al. 2017; Di Gennaro et al. 2018 ).
In the literature, most of the Mach numbers of relics derived from radio observations are estimated from the integrated spectral index. We obtained an integrated spectrum index α int = −1.16 ± 0.02 for the Toothbrush which corresponds to a Mach number of ∼ 3.7. From our spatially resolved spectral index maps between 150 MHz to 6 GHz, we find that the injection index is mainly in the range −0.65 ≤ α inj ≤ −0.80. This corresponds to a Mach number in the range 2.8 ≤ M ≤ 3.8.
The color-color diagrams may provide a more reliable estimate (Di Gennaro et al. 2018) of the injection index than taking the flattest spectral index from a map. The color-color analysis of the Toothbrush suggests an injection index between -0.65 and -0.70. This injection index corresponds to a Mach number in the range 3.3 ≤ M ≤ 3.8.
For the Toothbrush relic the Mach number obtained from the integrated spectrum, the spectral index maps, and the radio colorcolor diagram are similar. Moreover, the surface brightness profiles also suggest an injection index of −0.65 (Rajpurohit et al. 2018 ). Mach numbers derived via different methods from the radio emission of the Toothbrush are now all in reasonable agreement and do not show any significant discrepancy.
Radio luminosity vs. thermal energy content
The brush (B1) of the Toothbrush is very radio bright. It has been argued that the high luminosity of the Toothbrush -and of other radio relics as well-is only possible when a significant fraction of the kinetic energy flux through the shock front is channelled into the acceleration of relativistic electrons (CRe) (van Weeren et al. 2016; Botteon et al. 2019 ). If the CRe originate from diffusive shock acceleration (DSA) of thermal electrons this would require a very high acceleration efficiency; in case of weak magnetic fields and a weak shock, the luminosity can not be explained by the standard DSA scenario. The tension between the relic luminosity and the kinetic energy flux might be lowered assuming an upstream population of mildly relativistic electrons which requires less energy input to produce the observed synchrotron luminosity.
Since we have measured the spectrum of the Toothbrush over a wide frequency range, we can address this problem adopting a slightly different viewpoint and comparing the radio luminosity of the emitting volume to the thermal energy content of that volume without considering any particular acceleration mechanism.
A small ICM mass element downstream to the shock may emit at the frequency ν with the emissivity ν (t). Due to the radiative losses of the relativistic electrons the emissivity decreases with distance to the shock front. We simplify the profile and assume that the mass element emits with a constant emissivity ν , from the time that it has just passed through the shock front to the time t d (ν) . The time t d (ν), after which the emissivity drops to zero, is related to the frequency dependent downstream extent of the emitting volume by d(ν) = t d (ν) · v down , where v down denotes the relative speed of the downstream material with respect to the shock front. The luminosity of the entire emitting volume is given by P ν = ν · A d(ν), where A is the surface area of the shock front.
The synchrotron emission over all frequencies of a volume ∆V during the 'luminous period' t d (ν) is given by the integral
The ratio of the synchrotron emission to the thermal energy in the volume, E th = ∆V n e, amounts to
where n denotes the particle density and e the average thermal energy per particle. The rest-frame luminosity is related to the measured flux density S ν by
where D L denotes the luminosity distance. We assume that the spectrum follows a power law in the observed frequency range with 210 mJy at 1.5 GHz and a spectral slope α int = −1.16. Furthermore, we adopt that a particle density in the downstream region of 10 −4 cm −3 , an average energy per particle of 6 keV, and a shock surface area of (0.7 Mpc) 2 .
Limiting the frequency integral in Equation 5 to only the observed range from 150 MHz to 8 GHz, we find a ratio E sync /E th = 5 × 10 −3 . The spectrum of the brush shows a perfect power law, with no indications for bending at low or high frequencies, see Fig. 6 . Thus, according to the theory of synchrotron emissivity of monochromatic electrons (Rybicky et al. 1982) , the observed power law shape of the emission spectrum also implies radio emission outside of the frequency range of the observations.
To estimate the minimum luminosity outside the observed frequency range we model the electron spectrum by assuming a constant momentum distribution up to a Lorentz factor γ knee , a power law momentum distribution from γ knee to γ max , and no electrons with Lorentz factor above γ max . The shape is intended to mimic the distributions derived in Sarazin (1999) . Assuming a magnetic field strength of 1 µG, we find that γ knee has to be <3000 and γ max >10 5 to avoid that a clear bending of the spectrum within the observed frequency range becomes noticeable. This implies that at least the same amount of energy must be radiated via synchrotron emission outside of the observed frequency range. Therefore, the observed power law spectrum of the brush region implies that synchrotron radiation is equivalent to a loss of at least 1 % of the thermal energy.
It should be noted that this result depends neither on the actual acceleration process nor on the spectral energy distribution of the electrons. Relativistic electrons will also emit via the inverse Compton (IC) process. The ratio of synchrotron to IC losses is determined by the ratio of the energy densities of magnetic fields, u B = B 2 /8π, and Cosmic Microwave Background photons. The equivalent magnetic field of the latter is given by B CMB = 3.24 (1 + z) 2 µG. With a magnetic field B below B CMB a significant fraction of the energy content in a volume ∆V would be emitted via IC emission. This would clearly affect the thermal evolution of the intra-cluster medium and would have an impact on the ICM evolution. Since such an effect has not been observed, low magnetic fields in the emission region of the relic can be excluded. This is in agreement with the non-detection of IC emission in hard X-ray. The analysis of recent Suzaku observations provides a lower limit for the magnetic field strength, namely 1.6 µG (Itahana et al. 2015 ).
Halo structure and spectrum analysis
The cluster shows low surface brightness radio emission with a morphology remarkably similar to the ICM distribution (van Weeren et al. 2016; Rajpurohit et al. 2018) . Even if it is widely accepted that halos are related to ICM turbulence, details of their origins are not well understood. Our deep observations allow us to study the spectral properties of the radio halo over a wide frequency range and to assess the physical mechanisms (e.g. Brunetti et al. 2001 ) powering the radio emission.
Integrated spectrum of Halo C
In order to obtain the integrated radio spectra of the halo, we measure the flux densities from the 15 radio maps, where the signal-to-noise ratio is high enough. To ensure that we recover flux on the same spatial scales for all frequncies, we again produced images with a common lower uv-cut of 0.4 kλ. The regions where the flux density is measured are indicated in the left panel of Fig. 7 . Since the halo has a very low surface brightness, we average for each observation the entire bandwidth, as given in Table 3 . The resulting integrated spectrum is shown in Fig. 7 .
Remarkably, the halo shows a power law with no indications of a spectral steeping, similar to the Toothbrush relic, when we restrict the analysis to the main halo region without relic+halo and region S. The integrated radio halo emission in that region between 150 MHz and 3 GHz, has a spectral index of α halo = −1.16 ± 0.04, which is, even more surprisingly, identical to the integrated relic spectral index. This spectral index of the halo is in agreement with earlier studies (van Weeren et al. 2016; Rajpurohit et al. 2018 ). However, our results show for the first time that the halo follows indeed a power law over a wide frequency range. Such a wide frequency range spectral coverage is only available for a few other clusters (for a review see Feretti et al. 2012) . Those reveal a large variety of integrated spectral indices and of spectral shapes. For instance, Thierbach et al. (2003) reported for the halo in the Coma cluster a significant steepening above about 1.5 GHz from about -1.2 to -2.3. In contrast, Liang et al. (2000) and Shimwell et al. (2014) found for the Bullet cluster a rather constant slope of -1.3. Interestingly, for the majority of halos with flux density measurements at more than two frequencies, as reported in Feretti et al. (2012) , the integrated spectrum is either steep ( −1.5) or shows a steepening. Either the halo in 1RXS J0603.3+4214 is an unusual one, or the superb data quality permits us to do a much better job removing contaminating sources and distinct emission regions, such as region S and the relic-halo overlap region, as discussed in the next section.
Impact of SZ on the halo flux measurements?
To obtain a reliable radio spectrum for the halo, we need to consider possible corrections for the Sunyaev-Zeldovich (SZ) effect. The SZ effect is the distortion of the blackbody spectrum of the cosmic microwave background (CMB) due to inverse Compton scattering of CMB photons by free relativistic electrons in the ICM. As a result, the SZ effect can cause a steepening in the observed spectrum at ν > 1 GHz, by lowering the zero point of the radio emission as a function of frequency (e.g Enßlin 2002; Brunetti et al. 2013; Stroe et al. 2014; Basu et al. 2016) . Note that although the uniform CMB is not visible to the interferometers, small scale variations, such as those due to the SZ effect, will be detectable.
To check whether this is the case for our observation of the halo, we computed the expected level of the SZ decrement for the halo in 1RXS J0603.3+4214 with a realistic model of its gas density. We started by simulating a gas density and temperature distribution for a simple β−model, which we perturbed by introducing elongation along the direction connecting to the radio relic using an aspect ratio of 1:0.8, as well as a second massive sub-clump (with a total mass M 100 ≈ 10 14 M ), also described by a simple β-model and located at the approximate position of the X-ray substructure in 1RXS J0603.3+4214.
When integrating within a region corresponding to the halo C, we estimate a total SZ decrement at 3 GHz of −2.97 mJy. However, the total observed SZ decrement from the halo region is further reduced to −1.12 mJy, if we apply to the simulation the same ≥ 0.4 kλ uv-cut as in the observation. We investigated variations of this baseline model, i.e., by changing the mass of the second clump and/or its distance along the line of sight; these do not change our result. We thus conclude that the SZ decrement can only be ≤ 6 % of the radio flux density in the halo C region, and therefore it does not significantly contaminate the measured emission.
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Spectral index and curvature distribution
We construct high and low frequency spectral index maps of the halo to investigate if there are any spatial variations across the radio halo. We use the images described in Sec. 6.1. The low frequency spectral index map is created using the 150 MHz and 650 MHz and the high frequency one between 1.5 GHz and 3 GHz. We do not subtract the extended or point like discrete sources embedded in the halo. Pixels with flux densities below 4σ rms were blanked. Fig. 13 shows the high and low frequency spectral index map of the halo. As visible from both the high and low frequency spectral index maps, the spectral index across the central part of the halo, excluding the relic+halo and region S, is more or less uniform. To investigate it further, we employ the color-color diagram. The regions where the spectral indices were extracted are marked with green in the left panel of Fig. 7 . The size of the each box is 15.7 , corresponding to physical sizes of about 57 kpc.
The resultant color-color distribution is shown in Fig. 14 . The halo points (green) are indeed clustered near the blackdashed line. This is a clear signature of a power-law. It is evident from Fig. 14 that the spectral index of the halo is uniform over a broad range of frequencies. The is no indication of spectral curvature between 150 MHz and 3 GHz, even in regions as small as the selected boxes.
The radio halo shows a quite homogeneous surface brightness which correlates with the X-ray surface brightness (Rajpurohit et al. 2018 ). As shown above, the spectral index distribution is quite uniform and there is no indication of spectral curvature. The power-law spectrum over a large frequency range requires an electron momentum distribution which follows a power law as well at least for about one order of magnitude in momentum. In contrast to the relic, the power-law spectrum may arise from averaging along the line of sight through the ICM if the halo emission originates from volume filling turbulence. This would allow for local deviations from the average spectrum.
In the basic model explaining radio halos by turbulent reacceleration of mildly relativist electrons, the acceleration is caused by electron scattering at magnetohydrodynamic waves which are excited as part of turbulent cascade (Brunetti et al. 2004; Brunetti & Jones 2014) . We note, the simulated spectra, based on homogeneous conditions, rather produce curved spectra in the relevant electron momentum regime, a power law emission spectrum, as the observed one, is not expected from the basic model.
Adopting the critical frequency of synchrotron emission, we estimate that the Lorentz factor of the electrons emitting at the highest observed frequency for the halo, 3 GHz, amounts to 3 · 10 4 for a magnetic field of 1 µG. For these electrons the radiative loss time is as short as a few ten Myr (Sarazin 1999) , which is of the same order or somewhat below the expected acceleration time scale (see e.g. Fig. 13 in Brunetti et al. 2004 ).
These timescales are much smaller compared to the crossing time of the halo region (∼ 1 Gyr). This reinforces that the powering of radio emitting electrons by turbulent motions must happen throughout the radio halo volume, otherwise we would expect local variations in the curvature, even in projection. The acceleration timescale must also be significantly shorter than the cascade time along the Kolmogorov cascade, which also is of the order of the crossing time (e.g. Brunetti & Jones 2014) . Therefore, the observed uniformity of the spectrum suggest that the halo emission is being being powered by an acceleration mechanism which is uniformly spread across the halo region. Why the spectrum is homogeneously a power law remains to be understood.
Radio halo-relic connection
The halo and the "brush" region of the Toothbrush are connected by a region, denoted as "relic+halo" (for labelling see the left panel of Fig.7) . A comparable example of the morphological connection between radio relic and halo was observed in CIZA J2242.8+5301 where the elongated halo is morphologically connected to the northern and the southern relic (Hoang et al. 2017) .
We examine the spectral properties of radio emission in the apparent overlap regions to see if they are produced by a unique electron population or rather by the superposition of two separate particle populations along the line of sight. This is key to disentangling the complex chain of (re)acceleration events in the ICM (Hoang et al. 2017) . The spectral index across the relic+halo region, between 150 MHz and 1.5 GHz, gradually flattens (from -2 to -1.2) over a distance of about 400 kpc and returns to being uniform in the rest of the halo region (van Weeren et al. 2016; Rajpurohit et al. 2018) . It has been speculated that this spectral behavior indicates a possible connection between the shock and the turbulence (van Weeren et al. 2016; Hoang et al. 2017) .
The spectral index variations across the relic+halo region appear different at low and high frequency. At low frequencies, where the relic emission dominates that of the halo, the spectral index across the relic+halo gradually steepens, see the left panel Fig. 13 . Such a spectral steepening is expected in the downstream areas of relics when electrons undergo energy losses. In contrast, at high frequency, where the halo dominates, the relic+halo region shows a constant spectral index distribution like the rest of the halo, see the right panel Fig. 13 .
The above trends suggest that both halo and relic emission is present in the overlap region, in different proportions at different frequencies. A clearer demonstration of this is seen in the colorcolor plot, where the relic+halo points (red points) lie above the power-law line. These points represent places in the spectrum with positive (convex) curvature, i.e., the spectrum is flatter at higher frequencies. This the expected behavior when there is a superposition of different emission spectra along the same line of sight. Although spectra with positive curvature can also be produced by a similarly-curved electron energy distribution, there is no need to invoke that here.
We find that for the regions with concave curvature, the range of α 650 MHz 150 MHz is -2.30 to -1.50 and α 3 GHz 1.5 GHz is -1.80 to -0.86. It is consistent that the steeper (lower frequency) emission component is from locally shock accelerated aged electrons (i.e., relic region) and the flatter (higher frequency) is due to the turbulent re-acceleration of electrons.
The southern edge of the radio halo in 1RXS J0603.3+4214 coincides with a shock front detected in Chandra observations (van Weeren et al. 2016) . In a handful of clusters the radio halo emission seems to be bounded by cluster shock fronts (Markevitch et al. 2005; Brown & Rudnick 2011; Shimwell et al. 2014) . The nature of these sharp edges is still unclear. Data points extracted across the region S (blue) lie below the powerlaw line. In the color-color plot, the region S appears different than the rest of the halo. The same region also appears distinct in the X-ray vs radio correlation (Rajpurohit et al. 2018) , suggesting possible connection with the southern shock front, instead of a simple continuation of the halo. 
Modeling of relic and halo integrated spectrum
We explore here the conditions leading to the integrated spectrum of relic B. This involves understanding the aging of the electrons, in particular in the downstream region of B1, where we have the best data. We model the aging of radio emitting particles under realistic yet simple conditions. We consider a simple "single-zone" model, assuming a single value of electron density, temperature and magnetic field across the entire B1 region. For simplicity, we also neglect the possible role of additional stochastic acceleration by cluster turbulence (e.g Donnert & Brunetti 2014) or the re-acceleration of fossil electrons in the shock downstream (e.g. Kang et al. 2012) .
In our reference model, we fix the maximum length of the downstream cooling region, the downstream gas density and temperature to l d = 855 kpc, n d = 10 −3 cm −3 and T d = 9.7·10 7 K, respectively. For the maximum length l d we adopted the largest length of downstream emission visible in the LOFAR image. The downstream magnetic field is set to B d = 1.0 µG and the injection Mach number to M inj = 3.7. The energy flux that goes into the acceleration of electrons is given by
where A is the assumed shock surface (A ≈ L 2 where L is the length of B1 region), c s and n p are the pre-shock sound speed and gas density, respectively. These values are computed based on the standard jump conditions for a shock strength M inj . The acceleration efficiency of electrons at the shock is set to a fix reference value of ξ e ≈ ·10 −3 , i.e., 0.1% of the ram kinetic energy of the shock goes into the acceleration of supra-thermal electrons. This value is in line with the value estimated previously in Equation 5, provided that ξ e is referred to the shock kinetic energy flux while in Sec. 5.6 we analyzed the ratio between the energy of relativistic electrons and the thermal gas. In a simple 1-dimensional shock propagation, the radiative lifetime of electrons along the downstream region is t rad = x d /v s , where v s is the shock velocity and x d ≤ l d is the 1-dimensional coordinate in the downstream direction, which we assume is pointing towards the cluster center. The timedependent diffusion-loss equation of CRe within each integration step in our algorithm (e.g. Kardashev 1962; Sarazin 1999) is solved with the Chang & Cooper (1970) finite difference scheme. We use N=20,000 equal energy bins in the 10 ≤ γ ≤ 2 · 10 5 (γ is the Lorentz factor of electrons) energy range and an adaptive time stepping algorithm with 0.01 Myr ≤ ∆t ≤ 100 Myr. The overall radio spectrum in the shock downstream is obtained by numerically integrating the synchrotron emission from the distribution of accelerated particles (e.g. Ginzburg & Syrovatskii 1965) , applying the JP aging model for simplicity (the general conclusions here do not change if we adopt a different aging model, as in Sec.5.3 above).
The top panel in Fig. 15 shows the time evolution of electrons injected at the shock and downstream cooling. The integrated spectra corresponding to the entire B1 and within different 15" width stripes is shown in the middle panel. First, we notice that to a good approximation our reference model is able to reproduce the observed B1 spectrum over a wide frequency range, which makes our modeling of the downstream aging of the spectrum a good enough assumption for the sake of the following steps.
Secondly, to investigate the contamination of the B1 by the halo emission, we test a simple toy model scenario, in which we assume that the relic and the halo are not physically connected (hence their particle populations do not mix) but their emission is observed to be overlapping just in projection. We assume that the halo extends all the way up to the B1 region, at the same brightness that it is just below B1, and with an average spectral index. As a next step, we compute its contribution within each 15 stripes (as shown by the grey line in Fig.15 ). This allows us to estimate the observable spectral curvature in the entire B1 region, by including both the radio components in an approximate way.
The resultant color-color plot for the different regions, using α 650 MHz 150 MHz and α 3 GHz 1.5 GHz is shown in the bottom panel of Fig. 15 . Our observations and modeling give a similar trend in the colorcolor plane for the B1 region contamination by the halo. The concave regions in Fig. 14 and 15 seem indeed compatible with the superposition of the increasingly steeper spectrum from the older particles accelerated by shock at B1, and the power-law spectrum of the halo. It is important to emphasize here that in this simplistic model there is no ongoing particle acceleration as we go downstream of B1, because there is quite significant aging. On the other hand, we assume here a constant spectrum for the radio halo, on the basis that the energization of electrons may be happening in a very distributed and spatially uniform way (e.g. Brunetti et al. 2001; Brunetti & Jones 2014) .
The concave curvature should, therefore, mark the frequency range (which decreases moving away from the B1 edge) at which the radio halo component dominates over the radio relic one, moving towards the center of 1RXS J0603.3+4214. According to this simple explanation there is no need to assume that turbulence (or in general, any process responsible for the appearance of the radio halo) is acting on fossil radio electrons injected by the shock responsible for the B1 relic, also because in this case the low energy particle would be accelerated first, and the spectrum would be flatter at low frequencies, and steeper at higher (e.g. Brunetti & Jones 2014, and references therein). Fig. 15 . Top panel: evolving spectrum of electrons accelerated by a M = 3.8 shock and aging in a uniform 2.0 µG magnetic field (see text for other model parameters). Middle panel: evolving radio spectra as a function of time. The top black spectrum gives the integrated spectrum for the region corresponding to the entire B1 region, while the colored lines show the spectra within different 15 ≈ 54 kpc thick stripes perpendicular to the shock propagation axis. The additional gray symbols show the observed total integrated spectrum for B1 (top squares) and the radio halo (lower tringles), while the gray line gives the estimated contribution from the radio halo within each single 15 stripe (assuming a flat brightness distribution). Bottom panel: color-color plot obtained by comparing the α 650 MHz 150 MHz and α 3 GHz 1.5 GHz spectral slopes within the stripes with corresponding colors, as in the central panel.
Testing the hypothesis that the two emissions are related to physically disconnected acceleration regions is not easy, but in principle it can be done by detecting polarized emission from the intermediate relic+halo region of 1RXS J0603.3+4214, and using Rotation Measure Synthesis (e.g. Brentjens & de Bruyn 2005) to detect a significant difference in Faraday depth of the two emitting structures. However, based on existing data (Rajpurohit et al., in prep.) no polarization is detected with available exposures in this region.
Conclusions and Summary
We presented results from deep, wide-band uGMRT (550-750 MHz) and VLA (2-8 GHz) radio observations of the galaxy cluster 1RXS J0603.3+4214. We focused on the diffuse extended radio sources in the cluster, namely the Toothbrush relic, fainter relics E and D, and a large extended radio halo which basically follows the X-ray surface brightness distribution of the ICM. These observations were combined with the existing VLA Lband (1-2 GHz) and LOFAR (120-180 MHz) data (van Weeren et al. 2016; Rajpurohit et al. 2018) in order to carry out a detailed radio continuum and spectral study of the cluster. From these observations, we have been able to characterize the integrated spectrum of the Toothbrush relic over an unprecedented frequency range. Here, we summarize our main findings:
1. Our new images confirm the existence of complex filamentary structures in the Toothbrush up to 8 GHz. We detect the other two fainter relics and the radio halo up to 4 GHz.
2. The radio integrated emission from the entire Toothbrush and subregions (B1, B2, and B3) closely follow a power-law, with an integrated spectral index of α = −1.16 ± 0.02. We do not find any evidence of spectral steepening of the relic emission at any frequency below 8 GHz.
3. The Toothbrush subregions B1, B2 and B3 show nearly identical spectra across a ∼ 2 Mpc scale, implying a very similar combination of shock properties across the shock front or the robust convergence of the spectral shape when averaged over some distribution of underlying properties.
4. Comparison with a recent numerical simulation of radio relics suggests that such a narrow variation in the integrated spectra are plausible when projection and cooling effects of electrons are properly taken into account. The simulation shows that there is a broad distribution of Mach number at the shock front, and that the ones at the high end dominate the spectral distribution. It seems plausible that the combination of the tail in the distribution towards high Mach numbers and the dependence of the radio luminosity on the Mach number determines the spectral index of the radio emission.
5. The spectral shapes inferred from spatially resolved regions reveal less homogeneity because the spectra show curvature. However, the observed steepening in these individual regions is still less than expected from any standard aging models. For individual filamentary structures we find differences in their spectral shapes, a direct indicator of the inhomogeneities.
6. The integrated spectra of portions of relics E and D show spectral shapes which are close to power laws, with different slopes at different locations. Other regions show some steepening at high frequencies.
The types of inhomogeneities and/or physical conditions that would lead to this type of behavior are not yet clear.
7. In a simplistic model, we find that the downstream material emits an energy equivalent to about 1 % of the thermal energy due to synchrotron losses. This implies that the mechanism responsible for accelerating electrons to relativistic energies must be very efficient and that magnetic fields in the emitting volume below ∼ 1 µG are unlikely.
8. The integrated spectral index of the radio halo follows a well defined power law up to 3 GHz . A color-color analysis of regions within the radio halo shows no sign of spectral curvature.
9. Spectral analysis of the relic+halo region provides evidence that the two regions overlap along the line of sight. We present a simple model in which the observed positive curvature in the relic+halo spectra is well explained by the simple superposition, of an aging population of radio electrons injected by the relic shock, and of a different (physically disconnected) population of electrons in the radio halo.
